Nucleosomes are stable DNA-histone protein complexes that must be unwrapped and disassembled for genome expression, replication, and repair. Histone posttranslational modifications (PTMs) are major regulatory factors of these nucleosome structural changes, but the molecular mechanisms associated with PTM function remains poorly understood. Here we demonstrate that histone PTMs within distinct structured regions of the nucleosome directly regulate the inherent dynamic properties of the nucleosome. Precise PTMs were introduced into nucleosomes by chemical ligation. Single molecule magnetic tweezers measurements determined that only PTMs near the nucleosome dyad increase the rate of histone release in unwrapped nucleosomes. In contrast, FRET and restriction enzyme analysis reveal that only PTMs throughout the DNA entry-exit region increase unwrapping and enhance transcription factor binding to nucleosomal DNA. These results demonstrate that PTMs in separate structural regions of the nucleosome control distinct dynamic events, where the dyad regulates disassembly while the DNA entry-exit region regulates unwrapping. These studies are consistent with the conclusion that histone PTMs may independently influence nucleosome dynamics and associated chromatin functions.
Nucleosomes are stable DNA-histone protein complexes that must be unwrapped and disassembled for genome expression, replication, and repair. Histone posttranslational modifications (PTMs) are major regulatory factors of these nucleosome structural changes, but the molecular mechanisms associated with PTM function remains poorly understood. Here we demonstrate that histone PTMs within distinct structured regions of the nucleosome directly regulate the inherent dynamic properties of the nucleosome. Precise PTMs were introduced into nucleosomes by chemical ligation. Single molecule magnetic tweezers measurements determined that only PTMs near the nucleosome dyad increase the rate of histone release in unwrapped nucleosomes. In contrast, FRET and restriction enzyme analysis reveal that only PTMs throughout the DNA entry-exit region increase unwrapping and enhance transcription factor binding to nucleosomal DNA. These results demonstrate that PTMs in separate structural regions of the nucleosome control distinct dynamic events, where the dyad regulates disassembly while the DNA entry-exit region regulates unwrapping. These studies are consistent with the conclusion that histone PTMs may independently influence nucleosome dynamics and associated chromatin functions.
histone acetylation | chromatin dynamics | native chemical ligation E ukaryotic DNA is wrapped 1.65 times around histone protein octamers (1) (Fig. 1 A-C) to form nucleosomes: highly stable DNA-protein complexes with 14 separate DNA binding domains (2) and a net free energy of approximately 40 k B T (3). This free energy poses a significant barrier to the nucleosome unwrapping and disassembly events that must occur during DNA replication, transcription, and repair (4, 5) . Inherent changes to the nucleosome through histone posttranslational modifications (PTMs) are hypothesized to impact these events in cooperation with external factors such as chromatin remodeling machinery that are known to mediate nucleosome alterations (6) . However, the mechanisms that underpin the regulation of nucleosome unwrapping and disassembly are not well understood.
Histone PTMs are located throughout the DNA-histone interface in several distinct regions, and genetic studies in budding yeast illustrate that amino acids at and near these modification sites influence transcriptional regulation and DNA repair (7) . Histone H3 lysines 115 and 122 are simultaneously acetylated [H3 (K115acK122ac)] in the dyad region (8) and together reduce DNA-histone binding affinity and increase nucleosome sliding (9) , and the acetyllysine mimics H3(K115Q) and H3(K122Q) influence transcription and DNA repair (10, 11) . Mutations near the dyad result in SWI/SNF chromatin remodeling independent (SIN) transcription (12) , increase nucleosome mobility (13, 14) , accessibility (15) , and decrease chromatin higher-order structure (16) . These studies suggest histone alterations near the dyad may destabilize the nucleosome to facilitate transcription (17) .
Histone H3 lysine 56 is located in the DNA entry-exit region (8, 18) and its acetylation [H3(K56ac)] is essential for DNA replication (18), repair (19) , and transcriptional activation (20) . H3 (K56ac) lowers H3-H4 binding affinity to DNA (21) , increases DNA unwrapping (22) , and enhances transcription factor binding within the nucleosome (23) . These alterations in nucleosome dynamics may function at least in part to facilitate binding of DNA processing machinery.
Histone H4 lysines 77 and 79 are simultaneously acetylated [H4(K77ac,K79ac)] in the DNA-histone interface about 35 base pairs into the nucleosome (8) (Fig. 1) . The acetyllysine mimics H4 (K77Q) and H4(K79Q) alter telomeric and ribosomal DNA (rDNA) silencing (24) , whereas mutations at and near H4(K79) induce loss of rDNA silencing (LRS) (24) . However, these LRS mutants do not result in a SIN phenotype nor influence chromatin higher-order structure (17) , indicating that DNA-histone interface alterations outside of the dyad influence transcription differently than dyad alterations (17) .
Together, these results suggested to us that histone PTMs throughout the DNA-histone interface could impact nucleosome dynamics and potentially influence disassembly and unwrapping. To investigate the effect of modifications in distinct structural regions on these dynamic nucleosome processes, we prepared nucleosomes with the precise histone PTMs: H3(K56ac) in the entry-exit region, H4(K77ac,K79ac) 35 base pairs into the nucleosome, and H3(K115ac,K122ac) in the dyad region. We then explored the impact of these modifications using biochemical and biophysical assays. H3(K56ac) was constructed by sequential native chemical ligation (23) , whereas H3(K115ac,K122ac) and H4(K77ac,K79ac) were constructed by expressed protein ligation (9) . Magnetic tweezers mechanical measurements of nucleosome arrays containing these histone PTMs revealed that only H3 (K115ac,K122ac) enhanced histone dissociation following mechanical unwrapping. Separately, FRET measurements and restriction enzyme digestion studies determined that only H3 (K56ac) and H4(K77ac,K79ac) enhance nucleosome unwrapping and protein binding to a transcription factor site embedded in nucleosomal DNA.
These results reveal that the nucleosome dyad and its PTMs facilitate nucleosome disassembly without impacting partial DNA unwrapping from the histone octamer, whereas the nucleosome DNA entry-exit region, which extends 35 base pairs into the nucleosome, regulates partial DNA unwrapping without directly impacting nucleosome disassembly. Furthermore, our observations combine to indicate that the nucleosome structure has decoupled the DNA-histone interactions that influence DNA un- wrapping from nucleosome disassembly, which allows histone PTMs to independently influence nucleosome disassembly and unwrapping.
Results
Preparation of Nucleosome Arrays with Precise PTMs. To investigate the influence of histone PTMs on nucleosome disassembly and unwrapping, we prepared semi-and fully synthetic histones containing specific PTMs and incorporated them into single nucleosome and nucleosome arrays. H3(K115ac,K122ac) and H4 (K77ac,K79ac) were prepared by expressed protein ligation (EPL) (9), whereas H3(K56ac) was prepared by sequential native chemical ligation (NCL) (23) (Figs. S1-S3 ). We used ligation followed by desulfurization (25) for the syntheses of H3(K56ac) and H4(K77ac,K79ac) such that the cysteines introduced by ligation could be converted to native alanines. We reconstituted nucleosome arrays (26) with modified or unmodified purified histone octamers (27) and a 3,060 bp DNA molecule that contains 17 highaffinity nucleosome positioning sequences (NPS) and was end labeled with biotin and digoxigenin for single molecule analysis (28, 29) (Figs. S4 and S5 ). The arrays were purified on sucrose gradients and analyzed by atomic force microscopy (AFM) ( Fig. 1 D and E and Fig. S5 ) and electrophoretic mobility shift assays (Fig. S6) , which confirmed saturation with 17 nucleosomes (Fig. S7 ).
Magnetic Tweezers Measurements Quantify the Number of Nucleosomes Within a Single DNA Molecule. We used magnetic tweezers measurements to determine nucleosome retention within single nucleosome arrays while subjected to an external force (30) . Nucleosomes release approximately 25 nm of DNA length when exposed to forces above 15 pN (31, 32), so we use the number of steps to measure the number of nucleosomes within the array. The arrays were extended by increasing the force to 29 pN over 100 s and then held at 29 pN for 130 s prior to relaxation. The first and fifth extensions are shown in Fig. 2A . Steps are observed with an average extension of 25 nm (Fig. S8 ) and the step number is largely preserved for five stretching cycles ( Fig. 2 A and E), as previously reported (31) . We confirmed full nucleosome unwrapping by observing the array extended to its contour length of 1 μm and verified the observed step number as the force is increased and held at 29 pN is representative of the nucleosome number by fitting the array's force response up to 7 pN to a polymer model ( Fig. S9 and SI Text). We studied 31 separate unmodified nucleosome arrays with 399 nucleosomes by extending and retracting each over five cycles. The fraction of retained nucleosomes per stretch cycle fits to an exponential decay with a characteristic cycle number of 16, which converts to a 40-min dissociation time.
PTMs near the Nucleosome Dyad Facilitate Nucleosome Disassembly.
To investigate the influence of histone PTMs on nucleosome stability, we extended and retracted single nucleosome arrays containing H3(K56ac) (25 arrays with 310 nucleosomes), H4 (K77ac,K79ac) (31 arrays with 372 nucleosomes), and H3 (K115ac,K122ac) (41 arrays with 476 nucleosomes) for five cycles ( Fig. 2 B-D) . We found the decay time to be 22 cycles or 55 min for H3(K56ac) nucleosome disassembly, and we observed no loss of H4(K77ac,K79ac) nucleosomes (Fig. 2E) . In contrast, the number of observed steps in H3(K115ac,K122ac) nucleosome arrays dramatically reduced over five cycles, indicating that histone octamers dissociated at a rate of 3.4 cycles or 8.5 min (Fig. 2E )-a fivefold increase relative to unmodified nucleosomes. These results indicate that PTMs from the DNA entry-exit region to 35 base pairs into the nucleosome do not facilitate nucleosome disassembly following DNA unwrapping, whereas the dyad histone-DNA contacts disrupted by H3(K115ac,K122ac) are important for the maintenance of partially unwrapped nucleosomes.
PTMs Within the DNA Entry-Exit Region of the Nucleosome Facilitate DNA Unwrapping and Transcription Factor Binding. We investigated the influence of histone PTMs within the DNA-histone interface on nucleosomal DNA unwrapping and transcription factor binding using FRET (Fig. 3 and Figs. S10 and S11) and restriction enzyme digestion experiments (Figs. S12 and S13). The FRET system was designed based on previous studies (23, 33) such that the 20 base pair target sequence for a model transcription factor, LexA, is located within the nucleosome between the eighth and the 27th base pair (Fig. 3A) . Cy3 and Cy5 fluorophores are attached to the nucleosome to monitor DNA unwrapping that is trapped as LexA is titrated in increasing concentration and binds to its target sequence ( Fig. 3 B and C) . To quantify DNA unwrapping, we used the unwrapping equilibrium constant, K eq , which we define as the concentration ratio of partially wrapped nucleosome states that LexA can bind, to the nucleosome states that LexA cannot bind (see SI Materials and Methods). We determined the K eq of nucleosomes containing H3(K56ac), H4(K77ac, K79ac), and H3(K115ac,K122ac) relative to unmodified nucleosomes (Fig. 3E) . We find that H3(K56ac) and H4(K77ac,K79ac) increase K eq by twofold, a biologically significant increase as in the case for dosage compensation and haploinsufficiency diseases. In contrast, H3(K115ac,K122ac) does not alter K eq , which indicates that the dyad region does not impact partial DNA unwrapping.
To confirm that these results are due to DNA unwrapping rather than nucleosome sliding or repositioning, we repeated these experiments with the LexA target site on the opposite end of the Fig. 1 . A-C show the face, top, and bottom view of the nucleosome crystal structure (52) . Acetylation sites are residues H3(K56) (red), H3(K115) (light blue), H3 (K122) (blue), H4(K77) (yellow), and H4(K79) (orange). Circles in A show two functionally distinct regions of the nucleosome. The dyad region of the nucleosome (top circle) regulates the final release of the histone octamer without influencing DNA unwrapping, whereas the DNA entry-exit region (bottom left and right circles) regulates the DNA unwrapping without influencing histone octamer release. (D and E) AFM images of unmodified and H3(K115ac,K122ac) nucleosome arrays, respectively. The images' width are 300 nm.
DNA strand from the Cy3 fluorophore; no change in FRET was observed with increasing LexA concentration (33) (Fig. S11) .
Restriction enzyme digestion experiments are an independent measure of DNA accessibility. In these studies, we reconstitute modified and unmodified histone octamers onto an NPS that places restriction enzyme target sites at specific positions along the histone-DNA interface (34) . H3(K56ac) and H4(K77ac, K79ac) increase digestion rate by threefold near the DNA entryexit region, whereas H3(K115ac,K122ac) does not impact digestion rate by more than 1.6 times throughout the nucleosome (Figs. S12 and S13). These results are consistent with previous reports that H3(K56ac) increases DNA unwrapping (22), whereas H3(K115ac,K122ac) does not significantly influence DNA unwrapping fluctuations (9) .
Discussion
In these studies, we probed the inherent properties of the nucleosome itself through perturbation of individual histone-DNA interactions throughout the nucleosome. We combined the chemical precision of EPL and NCL that allowed introduction of histone PTMs in distinct regions of the nucleosome core (35, 36) with powerful single molecule and FRET studies to provide mechanistic insight into the function of these histone PTMs within the core of the nucleosome. Our results point to two key properties of nucleosomes that impact the nucleosomal events that facilitate chromatin reorganization (Fig. 1A) .
First, we find that modifications from the DNA entry-exit region to 35 base pairs into the nucleosome enhance partial DNA unwrapping without influencing disassembly. In fact, alterations in this region by histone PTMs (22) , point mutations (23) , and mutations in the H3 αN helix (37) enhance DNA unwrapping. These alterations appear to facilitate binding by proteins such as transcription factors without increasing nucleosome disassembly. Secondly, modifications in the nucleosome dyad region control histone octamer release following nucleosomal DNA unwrapping without directly impacting DNA unwrapping. These results suggest that alterations in the dyad region create nucleosomes that are poised for disassembly without increasing DNA accessibility. External factors that facilitate DNA unwrapping would then be required in order to initiate nucleosome disassembly.
The observation that nucleosomes have distinct regions that separately regulate nucleosome unwrapping and disassembly is consistent with the nucleosome crystal structure (2) and with a stepwise mechanism for nucleosome disassembly (38) . In fact, it has previously been proposed that the numerous histone PTMs within the DNA-histone interface (8) may function to alter nucleosome stability or mobility (6, 7). Here we have defined nucleosome unwrapping as transient partial DNA unwrapping without the loss of histones, and nucleosome disassembly as the complete dissociation of the histone octamer from the DNA. By quantifying the influence of histone PTMs on DNA unwrapping and disassembly as independent events, we demonstrate that histone PTMs can significantly impact nucleosome stability and dynamics. However, these distinct processes are functionally related because DNA unwrapping is likely to occur before histone proteins disassociate from the DNA. Therefore, modifications near the entry-exit region such as H3(K56ac) or H4(K77ac,K79ac) that enhance DNA unwrapping could also indirectly facilitate nucleosome disassembly. Further studies will be required to determine if these histone PTMs function synergistically with histone PTMs in the dyad region that facilitate histone release to enhance nucleosome disassembly.
Our quantification of the impact of histone PTMs on nucleosome unwrapping and disassembly has implications for chromatin dynamics in vivo. Chromatin remodeling (39, 40) and DNA repair complexes (41, 42) unwrap and disassemble nucleosomes. Histone PTMs in the DNA-histone interface that influence these nucleosome alterations could in turn influence remodeler-induced nucleosome alterations. Recently, we reported that the mismatch repair recognition complex, hMSH2-hMSH6, disassembles nucleosomes near a mismatch (42) and that H3(K115ac,K122ac) and the acetyllysine mimic H3(K56Q) enhanced this disassembly activity by five-and twofold, respectively. Interestingly, the increase in the nucleosome disassembly rate by hMSH2-hMSH6 matches our measured fivefold change in the nucleosome disassembly rate by H3(K115ac,K122ac) and the twofold increase in DNA unwrapping by H3(K56ac). These results are consistent with a nucleosome disassembly model where multiple hMSH2-hMSH6 complexes load iteratively onto DNA at a mismatch, then freely diffuse along the duplex DNA from the mismatch (43) . The finite size of the multiple hMSH2-hMSH6 complexes would iteratively trap partially unwrapped nucleosome states until the nucleosome spontaneously disassembles (44) . In this model, the enhanced DNA unwrapping by H3(K56Q) or H3(K56ac) (23) should increase the probability that hMSH2-hMSH6 traps unwrapping fluctuations and in turn increase the rate of nucleosome invasion and disassembly. In contrast, H3(K115ac,K122ac) increases the rate of histone octamer dissociation once the DNA is partially unwrapped instead of increasing the probability a nucleosome is partially unwrapped. This alteration by H3(K115ac,K122ac) should increase histone octamer release once multiple hMSH2-hMSH6 clamps have trapped a sufficient fraction of unwrapped DNA. Additional studies will be required to directly test this model of nucleosome disassembly by hMSH2-hMSH6.
ATP-dependent chromatin remodeling factors, such as SWI/ SNF, are required for nucleosome disassembly for gene activation and DNA repair in vivo (39) . The SWI/SNF remodeling complex appears to remodel nucleosomes by unwrapping about 50 base pairs of DNA starting from the entry-exit region (45) . This remodeling is hypothesized to result in a DNA bulge that propagates along the DNA-histone interface, which repositions the nucleosome (39) . Interestingly, H3(K56ac) only modestly impacts nucleosome repositioning by SWI/SNF (22) , which suggests that the change in the DNA-histone interactions by H3(K56ac) is small compared to the SWI/SNF interactions with the nucleosome. In contrast, our observation that dyad PTMs facilitate histone octamer release following mechanical unwrapping suggests that combining the DNA unwrapping by SWI/SNF with the disruption of DNA-histone interactions near the dyad by PTMs will impact nucleosome remodeling. Indeed, we recently found that the introduction of negative charge and steric bulk at the nucleosome dyad by phosphorylation at H3(T118) dramatically enables nucleosome disassembly by the SWI/SNF chromatin remodeling complex (46) .
Taken as a whole, our studies demonstrate that the nucleosome structure has decoupled the histone-DNA interactions that influence DNA unwrapping and histone dissociation in the nucleosome disassembly process (Fig. 1A) . These studies further suggest that histone PTMs located within modular regions of the DNAhistone interface may regulate separate nucleosome structural alterations. For example, PTMs within the dyad module are poised to control nucleosome disassembly without influencing unwrapping, whereas PTMs throughout the DNA entry-exit module appear to regulate DNA unwrapping without directly influencing histone dissociation. These results suggest that unwrapping and disassembly can be tuned independently by histone modifications within the DNA-histone interface.
Materials and Methods
Histone Octamer Preparation. H3(K115ac,K122ac) and H4(K77ac,K79ac) were prepared by EPL as previously described (9) . The native cysteine H3(C110) was used as the ligation site for H3(K115ac,K122ac), so the native H3 amino acid sequence was preserved. H4(A76) was used as the ligation site for H4(K77ac, K79ac), which introduced a cysteine at amino acid 76. This cysteine was converted to an alanine by desulfurization (25) . H3(K56ac) was prepared by sequential native ligation as previously described (23) . H3(A47) and H3 (A91) were used as ligation sites, which again introduced cysteines at these amino acids. These were converted to native alanines by desulfurization (25) . The semi-and fully synthetic histones were purified by HPLC and their masses were confirmed by MALDI-TOF (Figs. S1-S3 ). Recombinant unmodified histones H2A, H2A(K119C), H2B, H3, H3(C110A), and H4 were expressed and purified as previously described (27) . Unmodified and modified histone octamers were refolded as previously described (27) .
The fully synthetic histone H3(K56ac) contained the mutation C110A because of the desulfurization step. Although this mutation is often used in biochemical and biophysical studies, we recently reported that H3(C110A) slightly impacts the DNA unwrapping site accessibility within nucleosomes (23) . Therefore, we always compared nucleosomes with H3(K56ac) to nucleosomes with H3(C110A), whereas nucleosomes containing H3(K115ac,K122ac) or H4(K77ac,K79ac) were compared to nucleosomes containing H3(C110).
Nucleosome Array Preparation. All nucleosome arrays were reconstituted with a 17-mer tandem repeat of a 148 bp variant of the 601 positioning sequence with 30 bp of linker DNA (29) , which was cut out of the pUC19 plasmid with EcoRI and SphI. Biotin was attached to the tandem repeat by ligating the annealed pair of oligonucleotides: biotin-AGCTAGCTTTCAATAGCTCG and AATTCGAGCTATTGAAAGCTAGCT to the EcoRI overhang, whereas digoxigenin was attached to the tandem repeat by ligating the pair of annealed oligonucleotides: GGGCGGCGACCT-dig and AGGTCGCCGCCCCATG to the SphI overhang. The ligations were done simultaneously with excess concentration of annealed oligonucleotides to ensure that the tandem repeat did not ligate into multimers. The excess annealed oligonucleotides were purified away with a S-400 HR spin column (GE Healthcare). The remaining half of the plasmid was further digested with DdeI into seven pieces of various lengths ranging from 166 to 636 bp, which served as buffering DNA for nucleosome reconstitution.
Unmodified and modified nucleosomal arrays were reconstituted by salt double-dialysis (47) in 60 μL with 3 μg of plasmid DNA containing labeled 17-mer array, 15 μg of core particle DNA, 12 μg of purified histone octamer, 2 M NaCl, 1 mM benzamidine hydrochloride (BZA), 5 mM Tris (pH 8.0), and 0.5 mM EDTA. Recovered reconstituted nucleosome arrays were then purified on 5-40% sucrose gradients. Purified nucleosome arrays were characterized by electrophoretic mobility shift assay with a 2% polyacrylamide and 1% agarose gel in 90 mM Tris-borate and by AFM.
AFM Imaging of Nucleosome Arrays. Freshly cleaved mica surface was rinsed with ultrapure water and vigorously dried with nitrogen. Poly-D-lysine (50 μL, Sigma) at 10 ng∕μL was deposited on the mica surface, incubated for 90 s, washed with 200 μL ultrapure water, and gently dried with nitrogen. Fifty microliters of purified nucleosome arrays at 0.5-1 nM in 0.2× TE (2 mM Tris, 0.2 mM EDTA, pH 8.0) were deposited on the poly-D-lysine-treated mica surface, incubated for 5 min, washed with 200 μL ultrapure water, and gently dried with nitrogen. The nucleosome arrays were then immediately imaged with a Dimension 3000 Scanning Probe Microscope (Veeco Instruments) using etched silicon nitride tips (PPP-NCH, Nanosensor) with a scan rate of 1 Hz and an amplitude set point of 0.9-1.2 V, which varied from tip to tip. The number of nucleosomes within each imaged array was determined manually.
Single Molecule Magnetic Tweezers Nucleosome Counting Experiments. All force-extension measurements were done with single nucleosome arrays tethered to antidigoxigenin-coated cover glass slides and streptavidin-coated magnetic beads (Dynabead M280, Invitrogen) in lab-built flow cells on a magnetic tweezers apparatus (30, 48, 49 ) (see SI Text for details). We determined the number of nucleosomes within a single array by detecting the number of steps in the array extension as the force is increased from 7.5 to 29 pN. The force was initially increased to 7.5 pN over 20 s, then increased from 7.5 to 29 pN over 100 s, and then held at 29 pN for 130 s. The tension was relaxed to 0.1 pN and held at this force for 4 min. This cycle was repeated four additional times. All bead heights were measured relative to a nearby bead fixed to the surface.
The step number and the step size were determined by Matlab analysis of each time series of the nucleosome array length. The steps were detected by calculating the convolution of a 31-point step function with 31 data points (1 s) centered about the time point of interest. This calculation resulted in a time series with a peak centered about each step. The number of peaks was determined and the center of each peak was located. The step size was then determined from the difference between the average of the 10 points before and after the step. The two adjacent points before and after the step were ignored when calculating step sizes.
FRET Measurements of Nucleosomal DNA Unwrapping. FRET measurements of DNA unwrapping were performed as previously described (33) . The DNA molecules 601-LexA-left (Fig. 3A) , and 601-LexA-right (Fig. S11A) were prepared by PCR with Cy3-labeled oligonucleotides from a plasmid containing the 601 positioning sequence with LexA binding site at bases 8-27 or 121-140, respectively (33) . Oligonucleotides were labeled with a Cy3-NHS ester (GE healthcare) at a 5′ amino group then purified by RP-HPLC. The oligos used to amplify 601-LexA-L were Cy3-CTGGAGATACTGTATGAGCATACAGTACAA-TTGGTC and ACAGGATGTATATATCTGACACGTGCCTGGAGACTA; 601-LexA-R were Cy3-CTGGAGAATCCCGGTGCCGA and CTCCATACTGTATGCTCATACAG-TAATCCTGT.
H2A(K119C) was labeled before or after histone octamer refolding with Cy5-maleamide (GE Healthcare) as previously described (23) . Nucleosomes were reconstituted by salt double dialysis (47) with 7 μg of DNA and 5 μg of histone octamer in 50 μL of 0.5× TE (pH 8.0), 2 M NaCl, and 1 mM BZA. Reconstituted nucleosomes were purified by 5-30% sucrose gradient. LexA protein was expressed and purified from the pJWL288 plasmid (gift from Jonathan Widom, Northwestern University, Evanston, IL) as previously described (50) .
The equilibrium constants for site accessibility were determined from the reduction in FRET efficiency as LexA binds to its target site buried within the nucleosome (33) (Fig. 3A) . FRET efficiency measurements were determined by the ðratioÞ A method as previously described (51) (see SI Text for details). LexA was titrated from 0 to 3 μM with 5 nM Cy3/Cy5-labeled nucleosomes in 0.5× TE. The FRET efficiency was determined by the ðratioÞ A method in triplicate for each LexA concentration. The average FRET efficiency vs. LexA concentration was fit to a noncooperative binding isotherm: E ¼ E F þ ðE 0 − E F Þ∕ð1 þ ½LexA∕S 0.5 Þ, where E is the FRET efficiency, E 0 is the FRET efficiency without LexA, E F is the FRET efficiency at high LexA concentration, and S 0.5-nuc is the LexA concentration at which the FRET efficiency has been reduced by half [i.e., E ¼ ðE 0 þ E F Þ∕2]. The relative equilibrium constant between the unmodified and modified nucleosome was determined as follows: Relative K eq ¼ S 0.5-nuc-modified ∕S 0.5-nuc-unmodified .
